Vascular endothelial growth factor (VEGF) activates unfolded protein response sensors in the endoplasmic reticulum through phospholipase C gamma (PLCg)-mediated crosstalk with mammalian target of rapamycin complex 1 (mTORC1). Activation of transcription factor 6 (ATF6) and protein kinase RNA-like endoplasmic reticulum kinase (PERK) activate mTORC2, ensuring maximal endothelial cell survival and angiogenic activity through phosphorylation of AKT on Ser473. As mTORC1 is a metabolic sensor, metabolic signals may be integrated with signals from VEGF in the regulation of angiogenesis.
Author's View
Vascular endothelial growth factor (VEGF) is a key regulator of normal vessel formation and is also involved in the pathogenesis of angiogenic diseases such as cancer.
1 Upon VEGF-A binding, phosphorylation of vascular endothelial growth factor receptor 2 (VEGFR2) on Tyr1175 leads to recruitment of phospholipase C gamma (PLCg), which in turn hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG). IP 3 opens IP 3 -gated channels on the endoplasmic reticulum (ER) to release Ca 2C , whereas DAG phosphorylates extracellular signalregulated kinases 1/2 (ERK1/2) via activation of protein kinase C (PKC), leading to proliferation of endothelial cells (ECs). Concomitantly, the active VEGF/ VEGFR2 complex recruits GRB2-associated-binding protein 1 (GAB1), which binds to the p85 subunit of phosphoinositide 3-kinase (PI3K), leading to PIP 3 generation and phosphorylation of AKT via phosphoinositide-dependent kinase 1 (PDK1). AKT conveys antiapoptotic signals, thus the PI3K/AKT pathway is considered the main survival pathway of VEGF in ECs (reviewed in 2 and depicted in Fig. 1, left panel) .
We have recently revealed that VEGF rapidly (within 15-30 min) leads to short-term activation of the 3 ER-residing sensors of the unfolded protein response (UPR) (inositol-requiring kinase 1 [IRE1], activating transcription factor 6 [ATF6], and protein kinase RNA-like endoplasmic reticulum kinase [PERK]) via the PLCg pathway, leading to the transcriptional activation of at least 37 UPR genes of which 24 are upregulated more than 10-fold. 3 Interestingly, PLCg does not activate the ER sensors via its lipid enzymatic activity on PIP2 because neither Ca 2C nor PKC are involved. Instead, this activation appears to be mediated via mammalian target of rapamycin complex 1 (mTORC1) because i) rapamycin inhibits VEGF-induced UPR activation, ii) p-PLCg and p-mTOR can be co-immunoprecipitated, and iii) VEGF phosphorylates S6K1, a known downstream substrate of mTORC1, within 10 min of activation. Thus, the ER appears to be critical for VEGF-induced EC survival and angiogenesis. Indeed, silencing of the ATF6 and eukaryotic translation initiation factor 2A (eIF2a) genes reduces VEGF-induced survival of ECs by 50%. Remarkably, VEGF-induced phosphorylation of AKT on Ser473 requires concomitantly active PLCg-ATF6/PERK, underscoring the importance of mTORC2 activity for this phosphorylation.
Ser473-phosphodeficient AKT is only partially active and lacks sufficient activity to phosphorylate all of its substrates 4 ( Fig. 1, right panel) leading to decreased survival of VEGF-induced ECs in culture and decreased angiogenesis in vivo. Indeed, vessel growth occurs when VEGF, angiopoietin 1 (ANG1), and survival signals suppress the expression of FOXO1-regulated target genes. 5, 6 Therefore, inhibition of PLCg or silencing of the ATF6 and PERK genes, which lead to mTORC2 inactivation and deficient phosphorylation on Ser473 of AKT, apparently insufficiently suppresses FOXO1 target genes and results in inhibition of angiogenesis. 3 Therefore, VEGF, acting through PLCg, integrates the ER-residing UPR machinery in its regulatory circuit that controls EC survival and, eventually induces the formation of new vessels. Indeed, the ER consists of an extensive network of membranes that is essentially juxtaposed to all cellular compartments, contributing to the autophagic membranes and actually forming the nuclear envelope. Functionally, the ER is a central modulator of important cellular processes, such as the secretory pathway, calcium storage, lipid synthesis, fatty acid oxidation, gluconeogenesis, and the UPR. As a consequence the bidirectional communication network of the ER is very important.
The mTORC1 and mTORC2 complexes control cellular processes related to nutrient and energy sensing through a multitude of extracellular signals thus allowing efficient transitioning between anabolism and catabolism, a critical prerequisite for survival and growth when the supply of nutrients is not assured. In this context, mTORC1 senses the presence of certain growth factors and the level of energy, oxygen, and amino acids and accordingly adapts the cell (reviewed in 7 ) . It is, therefore, not surprising that the mTOR protein is tightly associated with the outer ER membrane via amino acids 1362-1443 8 or that the mTORC2 complex resides on ER membranes 9 and also functionally interacts with ribosomes, 10 thus constituting a powerful mTOR/ER metabolic control unit. We have recently shown that VEGF activates IRE1, ATF6, and PERK through PLCg-mediated crosstalk with the mTORC1 complex in the absence of any ER stress. Thus, even though there are no unfolded proteins in the ER, a UPR transcriptional gene response is initiated by PLCg-mTORC1 crosstalk, leading to EC survival. Indeed, ATF6 and PERK activation positively regulate mTORC2-mediated phosphorylation of AKT on Ser473 that maintains AKT in a fully active state (see right panel). The crosstalk of mTORC1 with PLCg provides a link between EC metabolism and angiogenesis. In other words, any decision concerning angiogenesis is probably under the control of the metabolic state of the EC (energy and nutrient levels, oxygen tension) and the growth factor milieu in which the EC resides. Although such a link to metabolism is a rational expectation, the involvement of mTORC1 located on the membranes of the ER provides a starting point to associate EC angiogenic responses, such as survival, with the metabolic state of the EC. Right panel: AKT is fully active when phosphorylated on both Thr308 and Ser473 by PDK1 and mTORC2, respectively. VEGF signals via the ER keep mTORC2 activated and AKT dually phosphorylated. Silencing of ATF6 or eIF2a (downstream of PERK) renders AKT monophosphorylated (only on Thr308). Some substrates of AKT are unaffected but FOXO1 is not phosphorylated sufficiently, allowing expression of genes that should be fully suppressed for initiation of angiogenesis.
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Integration of the mTOR/ER unit into VEGF signaling via PLCg to control phosphorylation of AKT on Ser473, survival of ECs, and in vivo angiogenesis may have important consequences. VEGF signals are filtered through a metabolic hub that probably influences their final output depending on the metabolic status of the EC. Further understanding of the mechanisms by which VEGF utilizes the UPR machinery to achieve cell survival by integrating context-dependent mTORC1 checkpoints that sense the metabolic state of the cell might help elucidate the underlying mechanisms of the different cell fates supported by the UPR machinery -apoptosis, survival, and differentiation.
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